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The present study investigates the use of carboxylic acids as a post-treatment for sealed AA2024 anodised in
tartaric–sulphuric acid electrolyte. Four monocarboxylic acids with different carbon chain lengths were
tested ((CH3–(CH2)n–COOH with n=4, 8, 12 and 16). Hydrophobic surface properties after the post-
treatment were characterized by contact angle measurements. Electrochemical impedance spectroscopy
(EIS) was performed to assess the ability of the four carboxylic acids to form protective films. It was shown
that stearic acid (n=16) used in its pure molten state was the most efficient. The organic film formed very
rapidly (under 5 min) and contributed to the enhancement of the protection in terms of corrosion resistance
of the sealed anodic layers. EIS measurements showed the presence of the organic films on the specimen
surface.
1. Introduction
In the aeronautic industry, the corrosion protection of structural
aluminium alloys, such as the 2XXX and 7XXX series, requires
different surface treatments which involve the use of Cr(VI) to obtain
high corrosion resistance. For example, anodising of aluminium alloys
is usually performed in chromic acid electrolyte and is often followed
by sealing in potassium dichromate solution to improve the corrosion
resistance. Since the beginning of the 1990s, the high toxicity
associated with Cr(VI) has imposed restrictions on its use in industrial
applications and as a consequence, this has led to the development of
Cr(VI)-free surface treatments. During the last decade, attention to
sulphuric acid anodising (SAA) to replace chromic acid anodising
(CAA) has increased and numerous attempts have been made with
new additives in the anodising bath such asmolybdate, permanganate
anions or cerium IV [1,2], boric acid [3–5] or tartaric acid [6]. Cr(VI)-
free sealing has also been investigated. The use of sealing products
such as rare earth metal salts [7], nickel acetate [8] or triethanolamine
[9] has been reported. However, despite the promising performances
of these new procedures, they still require further improvements to
offer the same level of protection as CAA and Cr(VI) sealing.
The present paper describes a newway to strengthen the corrosion
resistance of AA2024 sealed anodic layers. It consists of an additional
step to anodising and sealing involving the use of carboxylic acids as a
final surface treatment, called in the present study “post-treatment”.
Monocarboxylic acids (CH3–(CH2)n–COOH) are environmentally
friendly and are known to act as corrosion inhibitors for various
metals such as copper [10], lead [11], mild steel [12–14] aluminium
alloys [15], andmagnesium alloys [16]. Their action is characterised by
the adsorption of the carboxylate group (negatively charged) on the
metal surface (positively charged [17,18]) allowing the formation of a
hydrophobic film which provides the corrosion protection. The
hydrophobic characteristics of the monocarboxylic acids depend
strongly on their carbon chain length [14–16]. Moreover, Landry et
al. [19] showed that carboxylic acids can easily react with aluminium
hydroxide (boehmite) to form alumoxanes (Al–OOC–R) which are
insoluble and adhere to the surface. Shulman and Bauman [20] have
used long-chain organic acids (stearic and isostearic acids) to seal
anodic films formed on aluminium alloys of the 2XXX, 6XXX and
7XXX series. They showed that the organic acids protect the alloys by
reacting with the outer layer of the anodic film to form “aluminium
soap”. This inhibitive film renders the surface water repellent and
significantly enhances salt spray resistance compared to untreated
specimens. The term “aluminium soap” is used to take into account
the hydrophobic character of the alumoxanes due to the long
hydrocarbon chain.
The present study focussed on a surface post-treatment using the
hydrophobic properties of monocarboxylates. The post-treatment was
applied on AA2024 specimens anodised in tartaric–sulphuric acid
(TSA) electrolyte and sealed in boiling water (hydrothermal sealing).
In a recent paper [21], the beneficial effect of tartaric acid addition to
the sulphuric acid bath to improve the corrosion resistance of the
anodic layers was demonstrated. This effect was clearly shown after
hydrothermal sealing. The morphology of the unsealed and hydro–
thermally sealed anodic layers, before and after the post-treatment,
was examined using field emission-scanning electronmicroscopy (FE-
SEM). The modification of the hydrophobic surface properties after
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the post-treatment was characterized by contact angle measure-
ments. Electrochemical impedance spectroscopy (EIS) was carried out
first to assess the ability of the carboxylic acids to form protective films
and also to characterise the corrosion behaviour of the post-treated
specimens. Many studies have proved that EIS is a sensitive method
that can be successfully applied to characterize the barrier and the
porous layers of anodised aluminium and its alloys [22–31]. Finally,
salt spray tests were performed to verify the protection afforded by
the post-treatment.
2. Experimental
2.1. Material and surface treatments
The material used was a 2024 T3 aluminium alloy. The average
chemical composition of the alloy is given in Table 1. The specimens
consisted of 125×80×1.6 mm plates machined from an AA2024 T3
rolled plate. Before anodising, the samples were degreased at 60 °C
(pH=9) for 15 min then etched in an acid bath at 35 °C for 10 min
(ARDROX®295GD). Anodising treatment was performed in a 40 g L−1
(0.41 M) sulphuric acid (H2SO4) solution in the presence of 80 g L−1
(0.53 M) of tartaric acid (C4H6O6). Anodising experiments were
carried out at a constant cell voltage of 14 V for 20 min reached after a
5 min voltage ramp. The operating temperature was fixed at 37 °C.
Sealing was carried out in deionised water (ρN1500 kΩ cm) for
30 min at a temperature of over 96 °C.
2.2. Post-treatment conditions
Four different carboxylic acids (purchased from Merck) were used
for the post-treatment:
– Hexanoic acid (CH3–(CH2)4–COOH)
– Decanoic acid (CH3–(CH2)8–COOH)
– Myristic acid (CH3–(CH2)12–COOH)
– Stearic acid (CH3–(CH2)16–COOH)
The carboxylic acids were used pure or in dilute solution with
ethanol as solvent due to their poor solubility in water. The operating
temperature was fixed at 75 °C allowing the melting of all the
carboxylic acids studied. The bathwas open to air without stirring. The
post-treatment time was between 5 and 60 min. The excess of acid
was removed by rinsing the surface with ethanol. Finally, the
specimens were dried at room temperature to allow residual ethanol
to evaporate off.
2.3. Field-emission scanning electron microscope observations
The morphology of the sealed or unsealed anodised specimens
before and after the post-treatment was investigated using a JEOL JSM
6700F. The samples were coatedwith a 1 nm thick layer of platinum to
reduce the charging effect on the surface and thus to improve image
quality.
2.4. Contact angle measurements
The contact angles were measured using a Digidrop Contact Angle
Meter from GBX Scientific Instruments. The protocol used consists in
depositing a liquid drop of an accurate volume (3–5 μL) at the surface
of the sample and then in measuring the static contact angle (θ). A
high resolution camera and software were used to capture and
analyze the contact angle. The contact angle was obtained by
calculating the slope of the tangent to the drop at the liquid–solid
interface. An accurate value of the angle (±1°) was given by the
software. In the present study, a few seconds were sufficient to obtain
stabilization of the interfacial forces and thus, the static contact angle
was measured just after deposition of the liquid drop. In order to
assess the homogeneity of the surface properties, 20 measurements
were performed on different locations on the samples and the average
contact angle was calculated. Deionised water was used as liquid for
the droplets to evaluate the hydrophilic (θb90°) or hydrophobic
(θN90°) character of the surface. All the experiments were performed
at room temperature and constant humidity (~50%).
2.5. Electrochemical experiments
A three-electrode electrochemical cell was used. It contained a
platinum grid as auxiliary electrode and the untreated or post-treated
anodised AA2024 T3 specimens as working electrode (exposed area of
28 cm2). A saturated sulphate reference electrode (SSE) was used in
Na2SO4-containing solution and a saturated calomel reference
electrode (SCE)was used in NaCl-containing solution. Electrochemical
impedance measurements were carried out using a Solartron 1287
electrochemical interface and a Solartron 1250 frequency response
analyser. The impedance diagrams were plotted under potentiostatic
conditions at the corrosion potential over a frequency range of 65 kHz
to 10 mHz with 6 points per decade using a 20 mV peak-to-peak
sinusoidal voltage. The electrochemical cell was kept at room
temperature and open to air. The electrochemical properties of the
specimens were characterised after 2 h of immersion in a 0.5 M
Na2SO4 solution. Sodium sulphate was chosen for its low corrosive-
ness toward aluminium and aluminium alloys. The corrosion
behaviour of carboxylate post-treated specimens was investigated in
a 0.5 M NaCl solution, at different exposure times reaching 35 days
(840 h). Fitting of the impedance spectra was performed using Zview
software (Scribner Associates Inc.).
2.6. Salt spray test
Salt spray tests were performed according to ISO9227. A solution of
5% NaCl was sprayed on the samples in a closed testing chamber
(T=35 °C). The spraying was maintained for the duration of the test.
After different exposure times, themaximumbeing 672 h, the samples
were observed and the number of corrosion points was determined.
3. Results and discussion
3.1. FE-SEM observations
Fig. 1 presents the FE-SEM micrographs of the surface of the
unsealed (Fig. 1a) and hydrothermally sealed (30 min of sealing in
boiling water) (Fig. 1b) anodic layers. Before sealing (Fig. 1a), the
porous structure of the anodic layer is clearly observable. The pores
are well distributed and have an average diameter close to 10 nm.
After hydrothermal sealing (Fig. 1b), the surface appears strongly
modified. The initial porous structure has disappeared and a layer of
“petal-shaped” crystals covers the entire surface. The formation of
these petal-shaped crystals on the surface, so-called “smudge” is the
result of aluminium salt precipitation occurring during the sealing
reaction [32,33]. FE-SEM observations of both post-treated unsealed
and hydrothermally sealed anodic layers (not shown) were identical
to those presented in Fig. 1a and b. This can be explained either by the
fact that the organic filmwas very thin and not observable by FE-SEM
or by the fact that the organic film could have been deteriorated
(“burnt”) by the high-energy electron beam.
Table 1
Chemical composition (in weight percent) of 2024 T3 aluminium alloy.
Cu Mg Mn Si Fe Zn Ti Al
4.50 1.44 0.60 0.06 0.13 0.02 0.03 Bal.
The anodic layer thickness, measured from SEM observations of
cross-sections, was 2.4 μm and 2.6 μm for the unsealed and sealed
layers, respectively.
3.2. Influence of the carboxylic acid concentration
The influence of the carboxylic acid concentrationwas investigated
by measuring the average contact angles after post-treatment. Fig. 2
presents the results obtained for sealed specimens treated for 30 min
at 75 °C in solutions containing the decanoic acid (n=8) at different
concentrations (0.05 M, 0.29 M and pure molten). Before post-
treatment, the contact angle was about 10° revealing the high
hydrophilic character of the sealed anodic layer. In contrast, when
the post-treatment was applied, a significant increase of the contact
angle was observed. In addition, the higher the carboxylic acid
concentration, the higher the contact angle. The best result was
obtainedwhen the decanoic acidwas used in its puremolten state. The
contact angle valuewas then around 110°. These results clearly confirm
that the carboxylic acids can react with the aluminium hydroxide of
sealed anodic layers to form an organic film (alumoxane type) which
presents strong hydrophobic properties, particularly when the acid is
used in its pure molten state. Thus, in the reminder of the study, the
post-treatmentwas carried out onlywith puremolten carboxylic acids.
3.3. Influence of the carbon chain length
The influence of the carbon chain length, n, on the post-treatment
efficiency was also evaluated by the measurements of the contact
angles on sealed specimens treated for 30 min at 75 °C in pure molten
acids (Fig. 3). It can be observed that the hydrophobic character was
less pronounced when the post-treatment was performed with
hexanoic acid (n=4): the contact angle was around 50°. This suggests
that the carbon chain of hexanoic acid is not long enough to confer a
hydrophobic effect. In contrast, for the three other post-treated
specimens the contact angle value was between 110 and 120°. This
shows that the post-treated anodic layer had a strong hydrophobic
Fig. 2. Contact angles measured on the surface of sealed anodic layers untreated or post-
treated for 30 min at 75 °C in a solution containing decanoic acid: 0.05 M in ethanol,
0.29 M in ethanol and pure molten.
Fig. 3. Contact angles measured on the surface of sealed anodic layers after post-
treatment for 30 min at 75 °C in pure molten carboxylic acids of different carbon chain
lengths.
Fig. 1. FE-SEM observations of the surface of (a) unsealed and (b) 30 min sealed anodic
layers formed in tartaric–sulphuric acid electrolyte.
character but the contact angle measurements did not allow differ-
ences to be observed between the efficiency of post-treatments with
n=6, 8 and 12 carboxylic acids. Thus, we performed impedance
measurements after 2 h of immersion in sodium sulphate solution to
investigate the transformations induced by the post-treatment. From
these data, it was again not possible to discriminate between the
efficiency of the different carboxylic acids (nN6). This can be
explained by the fact that the impedance response is mainly governed
by the properties of the sealed anodic layers which conferred a high
resistance to the system (the results are not reported here for the sake
of simplicity). For this reason, post-treatment with the three
carboxylic acids (n=8, 12, 16) was analysed on unsealed specimens.
The impedance diagrams were therefore characterised by lower
resistances both in the high and the low frequency ranges [21].
The impedance diagrams obtained for the unsealed anodic layers
before and after the post-treatment, after 2 h of immersion in a 0.5 M
Na2SO4 solution, are presented in Fig. 4. For the untreated anodic layer,
a time constant is observable in the medium frequency range (1 kHz)
Fig. 4. Bodeplotsofunsealedanodic layersobtainedbeforeorafterpost-treatment for30min
at 75 °C in pure molten acids (diagrams plotted after 2 h of immersion in 0.5 M Na2SO4).
Table 2
Fitted values of the parameters associated to the high-frequency part of the impedance
diagrams of unsealed anodic layers post-treated for 30 min at 75 °C in pure molten
carboxylic acids of different carbon chain lengths (diagrams obtained after 2 h of
immersion in 0.5 M Na2SO4).
N Rf (kΩ cm2) Qf (MΩ−1 cm−2 sα) αf
8 5 25 0.84
12 10 20 0.87
16 300 16 0.90
Fig. 5. Contact angles measured on the surface of sealed anodic layers after post-
treatment for 5 to 60 min at 75 °C in pure molten stearic acid.
Fig. 6. Bode plots of sealed anodic layers obtained after post-treatment for 60 min at
75 °C in pure molten stearic acid (diagrams plotted after 2 h and 336 h of immersion in
0.5 M NaCl). Results fitted with 3 or 2 time constants.
attributed to the response of the pore walls of the anodic layer [21].
The time constant located in the low-frequency part of the diagrams is
attributed to the barrier layer response [22,31]. For the post-treated
specimens, the diagrams present a new time constant located in the
high frequency range (104 Hz) which is assumed to represent the
response of the hydrophobic film covering the surface. The presence of
the organic film is clearly demonstrated in the next section. A second
time constant is also observable in the medium frequency range. In
this case, it is possible that the carboxylic acids penetrated through the
porous structure of the anodic layer during the post-treatment, as
suggested by Shulman and Bauman [20], and were thus able to react
with the alumina. Consequently, the formation of alumoxanes
partially closed the pores in a way analogous to hydrothermal sealing.
These transformations are reflected in the medium frequency range of
the diagrams. The time constant located in the low-frequency part of
the diagrams is always attributed to the barrier layer response.
From the high frequency part of the impedance spectra (65 kHz–
600 Hz), the parameters associated to the hydrophobic film on the
surface can be extracted by using a simple equivalent circuit: a
resistance, Rf, representing the electrolyte resistance through the film
(pores) and a capacitance representing the properties of the film. A
constant phase element (CPE) was introduced instead of a pure
capacitance (Qf, αf), in order to take into account the non-ideal
behaviour of the film [34]. The fitted parameters are reported in
Table 2. The resistance Rf increased with the n values whereas the
value of Qf remained relatively constant. This could be because the
film thickness does not vary significantly, whereas penetration
through the film becomes more and more difficult as the carbon
Fig. 7. Equivalent circuit used to model the impedance diagrams of the post-treated
sealed anodic layers (Rf: electrolyte resistance in the pores of the organic film/Qf and αf:
CPE parameters associated to the organic film/Rp: porous layer resistance/Qp and αp:
CPE parameters associated to the sealed porous layer/Rb: barrier layer resistance/Qb
and αb: CPE parameters associated to the barrier layer).
Fig. 8. (a) Rf, (b) Rp and (c) Rb values versus time of exposure to a 0.5 M NaCl solution
obtained for the sealed anodic layers (●) untreated or treated at 75 °C in pure molten
stearic acid for (□) 5 min and (○) 60 min.
chain length increases. Thus, on the basis of the impedance results
obtained on the unsealed anodic layers, stearic acid, with the longest
carbon chain, appeared to provide the most efficient barrier.
3.4. Influence of the post-treatment time
To determine the optimal time of treatment, sealed specimens
were immersed in a bath containing pure molten stearic acid at 75 °C
for 5, 10, 20, 30 and 60 min. Fig. 5 presents the contact angles
measured on the surface of the post-treated specimens. It appears that
there is no significant variation of the hydrophobic character of the
surface with the post-treatment time. Nevertheless, it can be noted
that less than 5 min are necessary to obtain a hydrophobic filmwhich
indicates that the reaction involved in the post-treatment is rapid.
To better evaluate the influence of the post-treatment duration on
the protective properties of the samples, EIS measurements were
performed on the sealed specimens treated for 5 min and 60 min in
pure molten stearic acid at 75 °C. Only these two systems were
investigated to exacerbate any differences. The corrosion behaviour of
the specimens was studied in a 0.5 M NaCl solution, at different
exposure times reaching 35 days (840 h). Fig. 6 shows, as an example,
the impedance diagrams obtained after 2 h and 336 h of immersion in
a 0.5 M NaCl solution for the sealed anodic layers post-treated for
60 min in pure molten stearic acid. The plots for 5 min post-treatment
were almost identical. The diagrams are characterized by three time
constants. The first one in the high-frequency range concerns the
protective film formed by the carboxylic acid. The second and the third
time constants in the medium and high frequency ranges concern the
hydrothermally sealed porous layer and the barrier layer properties,
respectively. The equivalent circuit presented in Fig. 7, with three time
constants, was used to fit the impedance data. The same equivalent
circuit without Rf, Qf and αf (two time constants) was previously used
to analyse the impedance data on sealed anodised AA2024 [21]. In the
present study, Cpw (capacitance of the pore wall) was not taken into
account because Cpw is in series with Cf (film capacitance). The value
of Cf (μF) is significantly higher than Cpw (nF) and in the equivalent
circuit, Cpw can be ignored.
To clearly show the presence of the hydrophobic film on the
impedance spectra, they were fitted with or without the parameters
associated to the hydrophobic film. The results presented in Fig. 6
show that the circuit with the three time constants gave the best fits
confirming the presence of the hydrophobic film. Fig. 8 compares the
variation of Rf, Rp and Rb as a function of the immersion time in the
NaCl solution for the sealed specimens treated for 5 min and 60min in
pure molten stearic acid (75 °C). In Fig. 8a, it can be seen that during
the first 96 h of immersion, independently of the post-treatment time,
the Rf values are relatively constant and similar (2 104 Ω cm2). Then,
the resistances diminish. However, the decrease of Rf obtained for the
sealed specimens treated for 5 min appeared to be sharper. It seems
that the film formed on the sealed specimens treated for 60 min is
more resistant to electrolyte penetration and chloride attack. The
variation of Rp corroborates these assumptions (Fig. 8b). Indeed, the
Rp values obtained for the sealed specimens treated for 60 min are
constant (3 104 Ω cm2) during the whole immersion time in the
chloride solution. This indicates that the sealed porous layer is not
deteriorated due to the efficient protection of the filmwhich prevents
electrolyte penetration. In contrast, the Rp values obtained for the
sealed specimens treated for 5 min progressively decrease with the
immersion time, in the same manner as the untreated specimen,
revealing the degradation of the sealed porous layer. However, the
values remain slightly higher than those measured on the untreated
specimen. Despite the fact that the previous results showed that the
formation of the coating is rapid, a longer post-treatment time
improved the protection. The barrier layer resistances, Rb, remained
constant versus immersion time (Fig. 8c) for the two post-treated
specimens. The values were always higher than 107 Ω cm2, indicating
Fig. 9. Salt spray test results obtained after (a,b) 336 h and (c) 672 h for sealed
specimens (a) untreated and (b,c) post-treated for 30 min at 75 °C in pure molten
stearic acid. Pits have been ringed for clarity.
that the barrier layers were not attacked by the chloride ions during
thewhole immersion time. From the impedance results obtained in an
aggressive solution, it can be concluded that the post-treatment by
stearic acid improved the corrosion resistance of sealed anodised
AA2024. After only 5 min of post-treatment, an improvement of the
corrosion resistance can be noted and this was further enhanced by a
longer post-treatment time. This enhancement of corrosion resistance
is associated to the presence of the hydrophobic film (RfN103 Ω cm2)
which protects the porous layer from the chloride attack (Rp values are
always higher with the post-treatment compared with those
measured without the post-treatment) and as a consequence the
degradation of the barrier layer is limited. If the barrier layer remains
undamaged, the protection will be durable.
3.5. Salt spray test
To correlate the trends deduced from EIS measurements with the
corrosion resistance properties, salt spray tests were performed on
sealed specimens treated with the four carboxylic acids. The results
showed a significant enhancement of salt spray resistance compared
to non-post-treated sealed specimens, particularly for acids where
nN4. The best result was obtained with the stearic acid which
corroborated the previous EIS measurements. As an example, Fig. 9
presents the photographs of the surfaces obtained after the salt spray
test for sealed specimens before (Fig. 9a) and after post-treatment
with stearic acid (Fig. 9b and c). After 336 h of salt spray exposure, the
surface of the untreated specimen presents numerous pits (Fig. 9a).
For the same exposure time, the surface of the post-treated specimen
is practically exempt of pits (Fig. 9b); after 672 h of exposure (Fig. 9c)
the surface reveals additional pits but the degradation is lower than
that observed on the untreated specimen (Fig. 9a). These results
clearly show the increase, in terms of corrosion resistance, afforded by
the hydrophobic film formed, particularly with stearic acid, on the
surfaces of the sealed specimens.
4. Conclusion
The present study highlights the promising results obtained with
long-carbon-chain carboxylic acids used in the post-treatment of
hydrothermally sealed AA2024 anodic layers formed in tartaric–
sulphuric acid. The formation of aluminium soap conferred hydro-
phobic properties to the surface and thus provided a protective action
which was clearly revealed by a significant enhancement of the salt
spray test resistance compared to untreated specimens. The following
major points emerged:
1- The post-treatment required the use of carboxylic acids in their
pure molten state to allow the formation of a film with optimal
hydrophobic properties.
2- Stearic acid was the most efficient of those tested. This was
attributed to its longer carbon chain.
3- The organic film formed rapidly (under 5 min) but a longer time
improved the corrosion protection of the sealed anodic layers.
Finally the present study showed that the post-treatment pro-
posed is promising but some points require further investigation. For
example, the carboxylic acid bath was prone to ageing (pollution,
oxidation, etc.) which limits its durability. Moreover, the removal of
excess acid after immersion needs to be optimised since rinsing the
surface with ethanol is not suitable for industrial-scale operations.
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